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Abstract— A multi-channel quadrupole array has been pro-
posedto increasebeamintensity and reducespacechargeeffects
in a Heavy Ion Fusion Driver. A single array unit composedof
several quadrupole magnets,each with its own beam line, will
be placed within a ferromagnetic accelerating core whose cost
is dir ectly affected by the array size. A large number of focus-
ing arrays will be neededalong the accelerating path. The use
of a superconducting quadrupole magnetarray will increasethe
field and reduce overall cost.

We report here on the design of a compact 3x3 supercon-
ducting quadrupole magnet array. The overall array diameter
and length including the cryostat is 900x700mm. Each of the 9
quadrupole magnetshas a 79 mm warm bore and an operating
gradient of 50 T/m over an effectivemagnetic length of 320mm.

I INTRODUCTION

It has been proposedthat commercialelectricity can be
generatedeconomicallyfrom ion beam-drivenfusion of deu-
terium and tritium in tiny target pellets [1]. Central to this
conceptis the driver, which ignites fusion targetsat a high
repetition rate (5 Hz) with high power pulsesof energy (5
MJ, 500 TW). A leadingdriver candidateis a high energy,
high currentheavy ion accelerator.This approachis an at-
tractiveonedueto theshortrangeof heavyions in the target,
durability, andefficiency of appropriateacceleratorsystems.
To achievehigh currentsit is generallydesirableto accelerate
multiple beamsin parallel througha low impedanceacceler-
ating structure;a long pulseinduction linac canbe designed
to do this. Currentis increasedto 44 kA/beamby drift com-
pressionfollowing acceleration,to reachtherequired500TW
for high gain microexplosives.At lower kinetic energy, cur-
rent per beamincreasessteadily from an initial 1.0 A at the
sourceby the combinedoperationof spatialcompressionand
increasedvelocity from acceleration. Efficient transportof
beamcurrentin the multibeamacceleratorwould be accom-
plished with multiple channel superconductingquadrupole
magnetsoperatingin a DC modewith warm bore. The low
powerexpenditureof suchmagnetsis essentialfor accelerator
efficiency,andtheir largemagneticgradient(50 T/m) permits
this transportof high ion currents.Theseconsiderationsguide
the designdescribedin this paper.
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II MAGNET DESIGN

A. Magnet design

A superconductingquadrupolearray(Fig. 1) is anassembly
of individual quadrupoles,eachconsistingof a coil package
anda structuralcollar (Fig. 2). Betweenindividual magnets
SupportingBlocksareplacedand,in a finite array,additional
coils areplacedalong the boundary.The arraysizedepends
on the sizeof its unit cell (pitch). An overall figure-of-merit
for the array can be viewed as the beam current density,
in amp per squaremeter, averagedover the entire lattice.
Trying to avoidissuessuchasbeamlocationandsizewe have
introducedafigure-of-meritthatis proportionalto thegradient
dividedby thepitch square(

���� ), andusedit to determinethe
sizeanddiameterof thecoil. Fromthatanalysis,usingactual
sizeof cableandcoil, we havepickedan innercoil diameter
of 120 mm andan averagecoil width of 8 mm.

Fig. 1. A 3x3 Quad Array.

Basedontheimmediateavailabilityof a“SSCouter” strand
wire, we decidedto usea 12 strandsuperconductingcable.
A two layer coil with two wedgesper layer was optimized
for field quality while the pole angle betweenlayers was
displacedazimuthallyby oneturn to simplify a layer to layer
ramp. The four coil assemblywill be placedwithin a 6.5
mm thick aluminumtubeandprestressedusinghigh pressure
epoxy impregnation. The choice of using the samecable
in both layerswas madestrictly to avoid a high field joint.
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Fig. 2. Coil crosssection

Table I Magnet radial build up

Location Radius(mm)

warm bore 39.5
cold bore 60.0
layer 1 inner 60.125
layer 1 outer 64.356
layer 2 inner 64.61

layer 2 outer 68.84
collar inner 69.35
collar outer 75.85
outermost 77.0

The pitch length of the unit cell is 154.0mm (2x77.0). The
shortsamplecurrentdensity,at 4.35K, for a two dimensional
infinite array is 2348A/mm2, correspondingto a gradientof
77.7T/m, acurrentof 3315A, andamaximumfield of 5.49T.
Additional 3D calculationshaveshownthat the shortsample
limit is locatedat the magnetend. Basedon the field rise in
the “end” and the needfor margin, we proposean operating
current of 2153 A, a gradientof 50 T/m and a maximum
field of 3.74T. Detailedmagnetgeometryandparametersare
listed in TablesI and II.

B. The choice of materials for Support Blocks

Superconductingmagnetsin acceleratorshavealways in-
cludediron. Ferromagneticmaterialis usedto raisethe field,
return the flux and provide inexpensivestructural support.
Superconductingmagnetsare high field and the iron does
saturate,which has a small and manageableaffect on field
quality. In contrast,the field in conventionalelectromagnets
is shapedby theiron andis thereforequitesensitiveto satura-
tion. Thequestionwhetheriron shouldor shouldnot be used
for the internalSupportBlocks hastwo possibleanswers.

It is quite possibleto design a finite size array that in-
cludes both beam and edgecoils that producesgood field
quality throughout. An exampleof sucha designmay be a
“cos2� ” coil with wedgesoptimizedto takecareof harmonics
generatedby neighboringcoils[2].

Table II Magnet parameters

LAYER 1 / 2
Conductortype NbTi
Stranddiameter,SSCouter (mm) 0.6477

Strandper cable 2x6
Cablethickness,bare(mm) 1.031/1.111
Cablewidth, bare(mm) 4.043
Nominal keystoneangle� 1.14
Cu to SC ratio 1.8:1

Insulationthickness(mm) 0.094
Insulatedcablethickness(mm) 1.219/1.299
Insulatedcablewidth (mm) 4.2308
Turnsper layer 1 / 2 25 / 26

SC/turn(mm2) 1.41
Cu/turn(mm2) 2.54

Jc 5T, 4.2K (A/mm2) 2750
2D
Jss shortsample,4.35K (A/mm2) 2348

Iss shortsample,4.35K (A) 3315
ShortsampleGradient(T/m) 77.7
Max. shortsamplefield layer 1 (T) 5.49
Max. field layer 2 (T) 5.2
3D
Jss shortsample,4.35K (A/mm2) 2290
Iss shortsample,4.35K (A) 3230
ShortsampleGradientat z=0 (T/m) 74.0
Max. field layer 1, returnend(T) 5.61

Max. field layer 2, ends(T) 5.23
MagneticLength(mm) 320.0
Inductance(singlecoil 	�

� ) (mH) 3.878
Inductance,array,(mH) 58.1

StoredEnergy, singlequad(kJ) 20.23
StoredEnergy, full array,(kJ) 303.1
Operating
Jo operating,4.35K (A/mm2) 1527

Io operating,4.35K (A) 2153
OperatingGradient(T/m) 50
Max. operatingfield layer 1, end(T) 3.74
Max. operatingfield layer 2, end(T) 3.48
StoredEnergy, singlequad(kJ) 9.0

StoredEnergy, full array (kJ) 134.6

Whereasin a single magnet with pure “cos2� ” current
distribution, the quadrupolefield is harmonicsfree, in an
infinite arrayof suchquadrupolesthecurrentdistributionwill
producea none pure quadrupolefield. In addition the field
will dependnot only on the coil radius but on the distance
betweencoils and pole orientation[3],[4],[5]. Placing the
coils in sucha way that all identical poles face eachother,
producesthe highestgradientwith the lowest induction. In
a two dimensionalinfinite array with a thin J0cos2� current
densityat r=R anda coil to coil distanceS, the field within
the windingsnormalizedto a radius � canbe expandedas
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Based on 3D calculationsusing 9 coils, the field and

harmonics at a radius of � � JRA
mm are :
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in goodagreementwith the aboveexpectedvalues.

The dependencyof the fundamentalterm and higher har-
monicson thedistancebetweenneighboringcoilsSis evident.

In a single optimizedcoil, harmonicssuchas b6 and b10

canbe takencareof by wedges;a fact that dependsonly on
cablesizeand location. In an array,the sizeandlocationof
wedgeswill alsodependon the locationof neighboringcoils.
Therefore,tolerancesize, constructionerrors and assembly
will affect the field quality. It is alsoevidentthat any design
changesintroducedto the distancebetweencoils will require
the coil crosssectionto be modified (e.g. changingwedge
sizes).

Choosinga ferromagneticmaterialfor the SupportBlocks
doesnot affect thegradientbut will havea pronouncedeffect
on all higherharmonics.The iron actsasan harmonicfilter
capableof reducing the influence of neighboringcoils on
the local dodecapoleby an order of magnitude. It may
serve,therefore,asa mean,to reducecoil-to-coil “cross-talk”,
therebyrelaxingtolerances,reducingtheeffectof construction
error andmaintaininga degreeof flexibility in future design
changes. The effect of iron saturationon field quality can
easilybe maintainedin the samefashionasits donein many
other superconductingmagnets.

III 3D

To carry out 3D field calculationsand determinethe end
spacersgeometry,we have generatedthe coil windings of
the entire magnetincluding return end, lead end and layer
to layer transition (Fig. 3). The end blocks were spaced
in sucha way that reducesintegratedharmonicsand lowers
the field rise in the end. Geometricaldata of 9 coils were
submittedto the NERSCparallel—processorT3E computer,
andtheresultingfield reducedto normalandskewharmonics.
Additional detailedcalculationswere madeto determinethe
field at the conductor. The maximumfield was found to be
located in the return end with a field rise (with respectto
the straightsection,z=0) of 0.2 T (Fig.4) in strandnumber5
(locatednearthe outeredgeof layer 1 pole).

Lead side

Fig. 3. Top view of a single two layer quadwindings(leadend).
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Fig. 4. Field magnitudearounda pole turn in 3x3 array.

It is appropriateto considera3D expansionfor magnetwith
large bore sizeandthe short coil length. We havecomputed
boththenormalandskewA(z) functions(Fig. 5,6)associated
with the following expression,
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Fig. 5. Normal A’s
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Fig. 6. Skew A’s

IV FORCE AND STRESS

High field superconducting(SC)magnetsgeneratesubstan-
tial Lorentzforcesandrequirea robuststructuralsupportsys-
tem. The supportstructurefor the quadarray will have to
providea controlledmeasureof stressduring cool down and
ensuresafeoperationat 4.2K. To reducestick-slipconditions
within theconductorand“improve” its mechanicalproperties,
prestresswill haveto beapplieddirectly to thecoils. Whereas
in manySC magnetsprestressis appliedduringassemblyby
interlockingcollars,lack of spacein thearrayrequireswe use
a thin Aluminum shellandconsideranalternativemethodfor
assembly.

The midplaneLorentz stressin a single quad within the
array is 47 MPa at 3300 A. The correspondingmaximum
radial pressureis 6.3 MPa. To provide coil prestressthat

correspondsto suchvalues,a 6.5 mm thick Aluminum shell
will beplacedover thecoils andput under70 MPaazimuthal
tension(assumingaxisymmetryconditions,e.g. no bending).
Sincethe requiredprestressin the coil is only abouthalf of
the maximumLorentz force (23.5 MPa), we haveallowed a
50% loss in prestressduring assemblyor cool down.

To ensureno bendingof the Aluminum shell, the collared
coil will haveto befirmly supportedby four SupportBlocks.
Althoughthemaximumsideforceproducedby a singlequad,
Fss, is equal to 670 kN/m at 3300 A, the net force on each
Block is zero. Theaccumulatedforceswill haveto bereacted
alongthearraysideswith a maximumforceequalto Î,Ï Ð,Ñ�Ò'Ò
or 2842kN/m. Sucha forcewill produceanaverageoutward
pressureof 4.64MPaon theinnersurface(R=390mm) of the
Array StructuralRing (ASR). Sinceeachcoil is prestressed
individually the main function of the ASR is to assurethat
SupportBlocksandthecoil’s Al shellsmaintaingoodcontact
after cool down. Due to thermalcontractionthe ASR radius
will changeby about1.5mm whenthetemperatureis lowered
to 4.2K. A 30 mmthick stainlesssteelASRthatis prestressed
azimuthally to 180 MPa at room temperaturewill causethe
coil arrayto be compressedto 15 MPa. After cool down the
tensionin the ASR will drop to 8 MPa while the arraywill
reduceits externalpressureto zero. Powering the coils to
short samplewill put the ASR under5 MPa of radial stress
and increasethe azimuthaltensionto 70 MPa. Under such
conditionsradial displacementswill be lessthanthe orderof
0.15 mm. The axial force generatedby the “end” of each
quadis 83 kN. The total axial forceon a 3x3 array(including
edgecoils) is 1230kN andthe correspondingaxial magnetic
pressurewithin the ASR is 2.6 MPa.

V CONCLUSION

We have completed a conceptual design of a 3x3
quadrupolearray for a Heavy Ion Fusion Driver. The op-
erating quadrupolefield is 50 T/m acrossa 79 mm warm
bore and the magneticlength is 0.32 m. The overall array
size including its cryostat is 900 mm in diameterand 700
mm long.
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